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Mitochondria form reticular networks comprised of ﬁlamentous tubules and continuously move
and change shape. Bcl-2 family proteins actively participate in the regulation of mitochondria frag-
mentation. Here, we show that human Noxa, which belongs to the BH3-only pro-apoptotic Bcl-2
family, causes mitochondrial fragmentation. We found that while the Bcl-2 homology 3 (BH3)
domain of Noxa is not associated with mitochondrial fragmentation, the mitochondrial targeting
domain (MTD) of Noxa is the region responsible for inducing fragmentation. Two leucine residues
in MTD play a key role in the process. Furthermore, the lack of Noxa causes a signiﬁcant reduction
of Velcade-induced mitochondrial fragmentation. Together, these results provide novel insight into
the role of Noxa in mitochondrial dynamics and cell death.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Apoptotic cell death is a ﬁne-tuned mechanism to eliminate
the harmful, seriously damaged, unnecessary, or virus- or bacte-
ria-infected cells in multi-cellular organisms [1,2]. Huge lines of
evidence indicate that the mitochondria act as critical regulators
of cell death. Mitochondrial function supports cell survival by
generating ATP and sequestering pro-apoptotic proteins such as
cytochrome c, AIF which are released into cytosol during cell
death [3]. Also mitochondria are dynamic organelles and contin-
uously change their morphology through fusion and ﬁssion in
response to environmental status of cells. Mitochondrial ﬁssion
and fusion events are required to maintain diverse functions
including electron transport, sequestration of pro-apoptotic
mediators, and transmission of mitochondrial DNA during mito-
sis [4]. During cell death, the interconnected mitochondrial tubu-
lar networks in healthy cells are disintegrated into small,chemical Societies. Published by E
ain 3; MTD, mitochondrial
.K. Choi), +82 62 230 6294
, thkim65@mail.chosun.ac.krfragmented (or condensed) mitochondria. These dramatic mor-
phological changes in the mitochondria are observed in the early
stages of cell death [5]. Shifts in the balance of ﬁssion and fusion
events contribute to mitochondrial depolarization, localization of
pro-apoptotic bax to mitochondria, and consequent release of
cytochrome c [6].
Mitochondrial integrity is controlled by the Bcl-2 family pro-
teins. A recent report demonstrated that mitochondrial dynamics
is regulated by Bax and Bak in healthy cells, suggesting that Bcl-2
family proteins may contribute mitochondrial morphogenesis [7].
Bcl-2 family members are divided into two main groups accord-
ing to whether they promote or inhibit apoptosis, the anti-apop-
totic members such as Bcl-2 and Bcl-XL and the pro-apoptotic
members such as Bax and Bak [8]. The Bcl-2 homology 3
(BH3)-only proteins such as Bid, Bim, Bad, Noxa and PUMA in-
duce apoptosis by activating pro-apoptotic proteins or inhibiting
anti-apoptotic proteins. Noxa is a BH3-only member of the Bcl-
2 family [9]. Its expression is transcriptionally regulated through
p53, HIF-1a, NF-jB by cellular stresses such as DNA damage, hy-
poxia, ischemic injury [9–11]. Noxa inhibits Mcl-1 which is an
anti-apoptotic member of Bcl-2 family by speciﬁc interaction
with Mcl-1 through BH3 domain [12]. However, little is known
about functions of Noxa in physiological status or roles in the
process of cell death.lsevier B.V. All rights reserved.
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mentation through its mitochondrial targeting domain (MTD).2. Materials and methods
2.1. Cell culture and transfection
HeLa cells were maintained in Dulbecco’s modiﬁed Eagle’s med-
ium (DMEM) supplemented with 10% fetal bovine serum (Invitro-
gen), 100 units/ml of penicillin, and 100 lg/ml of streptomycin at
37 C with 5% CO2 in humidiﬁed incubator. HCT116 parental cells
and Bax-deﬁcient cells (generous gifts from Dr. B. Vogelstein, Johns
Hopkins University) were cultured in McCoy’s 5A (Invitrogen) with
the same supplements for DMEM. Immortalized baby mouse kid-
ney (BMK) epithelial cells originated from wild-type or Noxa-deﬁ-
cient mice (generous gifts from Dr. John Hiscott, McGill University,
Canada) were cultured in DMEM with the same supplements men-
tioned above. HeLa cells were subcultured on 12-well plates a day
before transfection, and the indicated pEGFP-Noxa wild-type or
mutant constructs were transfected using Effectene (Qiagen)
according to the manufacturer’s instructions.2.2. Cloning and mutagenesis
pEGFP-Noxa and deletion constructs of Noxa were described
previously [13]. Site-directed mutagenesis was performed using
PCR primers to convert leucine residues at 29, 42, 43, 45, and 49
of Noxa to alanine as follows. For L29A conversion, two PCRs were
ﬁrst carried out using following primers [Noxa 50-(1)-primer (GAA-
GATCTATGCCTGGGAAGAAGGCGCGC) plus L29A 30-primer
(CTCCAAATCTCCTGGCTTGAGTAGCACACTC) and L29A 50-primer
(GAGTGTGCTACTCAAGCCAGGAGATTTGGAG) plus Noxa 30-(54)-
primer (CGAATTCTCAGGTTCCTGAGCAGAAGAG)] and pEGFP-Noxa
as a template, and then second PCR was carried out using Noxa
50 (1) primer plus Noxa 30 (54) and ﬁrst PCR products as a template.
The second PCR products were digested with BglII and EcoR1 and
cloned into pEGFP-c1. For L42A, L43A, and L45A conversions, PCRs
were carried out using Noxa 50 (1) primer plus L42A 30-primer
(TTTGGATATCAGATTCAGAGCTTTCTGCCGGAA), Noxa 50-(1)-primer
plus L43A 30-primer (TTTGGATATCAGATTCGCAAGTTTCTGCCGG),
and Noxa 50-(1)-primer plus L45A 30-primer (TTTGGATATCGCATT-
CAGAAGTTTCTGCCGG), respectively, and the PCR products were
then digested with BglII and EcoRV and cloned into pEGFP-Noxa
(1–54) digested with BglII and EcoRV. For L49A conversion, PCR
was carried out using Noxa 50-(1)-primer plus L49A 30-primer
(CGAATTCTCAGGTTCCTGAGCAGAAGGCTTTGGATATCAGATTCAG),
and then digested with BglII and EcoR1 followed by cloning it into
pEGFP-c1 at BglII and EcoR1 sites. For 4Lmt and 5Lmt, Noxa wt and
L29A constructs, respectively, were used as templates for PCRs
done with Noxa 50 primer plus 4mt 30-primer (GTTTGGATATCG-
CATTCGCAGCTTTCTGCCGGAAG). PCR products digested with BglII
and EcoRV were cloned into the vector generated from pEGFP-
Noxa L49A. All Noxa mutant constructs were conﬁrmed by DNA se-
quence analysis.Fig. 1. Induction of Noxa by 50-FU and velcade. HCT116 and p53/ HCT116 cells
were treated with 50-FU or Velcade. After 6 h treatment, induction of Noxa and p53
was analyzed by western blot analysis.2.3. Cell death assay and mitochondrial fragmentation
The percentage of cell death was determined by counting EGFP-
positive dead cells with apoptotic morphology using the ﬂuores-
cent microscope. Minimally 300 cells in three separate ﬁelds were
counted for each measurement. To examine the visible mitochon-
drial morphology, pDsRed2-Mito plasmids which express the
mitochondrial DsRed2 protein were co-transfected with pEGFP-
Noxa or deletion mutants, point mutants of pEGFP-Noxa.3. Results
3.1. Induction of Noxa by various cell death-inducing signaling
Human Noxa was originally identiﬁed as adult T-cell leukemia-
derived phorbor-12-myristate-13 acetate (PMA)-responsive
protein. Later studies showed that Noxa can be transcriptionally
induced by several transcription factors such as p53, NF-jB, HIF1a
[10,11,14]. As shown in Fig. 1, Noxa was induced by cell death-
inducing agents such as 5-FU and Velcade. Up-regulation of Noxa
by 5-FU which is a DNA damaging agent was p53-dependent,
whereas induction of Noxa by Velcade which is a proteasome
inhibitor was p53-independent. This result is consistent with the
previous reports showing that Noxa is induced by anticancer
agents which activates mitochondrial apoptotic pathway [15,16].
3.2. Noxa mitochondrial targeting domain induces mitochondrial
fragmentation
Human Noxa has two functional domains of BH3 domain and
MTD domain. The Noxa BH3 domain is crucial to the protein’s abil-
ity to induce cell death through the selective association with Mcl-
1 and A1/Bﬂ-1 [17]. According to our previous report, C-terminal
region of Noxa contains MTD which is responsible for localization
in mitochondria [13]. To examine the role of Noxa MTD in detail,
several deletion mutants were constructed as fusion proteins with
EGFP (Fig. 2A). Deletion mutant 21–54 contained both the BH3 do-
main and MTD, 41–54 contained only MTD, 21–40 contained only
the BH3 domain, and 1–30 did not contain any domains. To study
the visible mitochondrial morphology, HeLa cells were transfected
with pDsRed2-Mito plasmid to express the mitochondrial DsRed2
protein. Ectopic expression of Noxa WT resulted in punctate mor-
phology of the mitochondria in HeLa cells. The enlarged images of
the DsRed2-Mito-expressing mitochondria clearly showed the
fragmented morphology of the mitochondria (Fig. 2B). To investi-
gate the inﬂuence of Noxa domains on mitochondrial morphology,
WT or deletion mutants of Noxa were co-transfected with pDs-
Red2-Mito plasmid into the HeLa cells. Cells were treated with
the broad-range caspase inhibitor zVAD-fmk to prevent extensive
cell death and cell detachment as well as to better maintain cell
morphology. Quantitative experiments showed that there was no
difference in the mitochondrial fragmentation of zVAD-fmk-trea-
ted cells versus non-treated cells (data not shown). The mitochon-
dria of pEGFP control vector-transfected HeLa cells were uniformly
dispersed throughout the cytosol with the tubular and connected
mitochondrial network. Two MTD deletion mutants (Noxa 21–40
and 1–30) abolished the mitochondrial localization of Noxa
Fig. 2. Induction of mitochondrial fragmentation by mitochondrial targeting domain of Noxa. (A) Schematic diagrams of Noxa deletion mutants. WT and 21–54 contain both
BH3 and MTD; 21–40 contains only BH3; 41–54 contains only MTD; and 1–30 does not contain either domain. All constructs were prepared as fusion proteins with EGFP at
the C-terminus of proteins. (B) HeLa cells were transfected with WT or deletion mutants of Noxa in combination with pDsRed2-Mito vector to observe the morphological
changes of mitochondria. Representative images of EGFP, pDsRed-Mito, and merge (from left to right) of HeLa cells were obtained at 18 h after transfection using confocal
microscope. To avoid the potential inﬂuences of extensive cell death and caspase activation on mitochondrial morphology, all experiments were performed in the presence of
the broad-range caspase inhibitor zVAD-fmk (20 lM). Right panel shows enlarged views of mitochondria. (C) The fragmented mitochondrial morphology were scored. Data
represent the mean ± S.D. of three independent experiments, each with >600 cells counted per sample.
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were very similar to that of pEGFP control vector-transfected cells,
indicating no mitochondrial fragmentation. On the other hand,
cells transfected with Noxa WT exhibited the dramatic changes
in the mitochondrial morphology to punctuate and disconnected
structures. Surprisingly, Noxa 41–54, which contains only the
MTD, caused the extensive mitochondrial fragmentation, whereas
Noxa 21–40, which contains only the BH3 domain, did not cause
mitochondrial fragmentation (Fig. 2B). Furthermore, quantitative
evaluation of mitochondrial fragmentation with the Noxa deletion
mutants conﬁrmed that Noxa WT, 21–54, and 41–54 caused signif-
icant mitochondrial fragmentation, whereas 21–40 and 1–30
maintained the normal tubular structures of the mitochondria
(Fig. 2C). Together, these results reveal that Noxa causes the frag-
mentation of the mitochondria, and that the MTD, but not the
BH3 domain, of Noxa is the domain responsible for mitochondrial
fragmentation.
3.3. Leucine residues in the MTD are critical to mitochondrial
fragmentation
Experiments in Fig. 2 show that the MTD alone is sufﬁcient to
target Noxa to the mitochondria and to induce the mitochondrial
fragmentation. To further elucidate the role of the MTD in mito-
chondrial fragmentation and to determine the critical amino acid
residue(s) for MTD function, we introduced mutations in the
MTD. Four leucine residues are located in the MTD positioned at
the positions 42, 43, 45, and 49 in the Noxa MTD (Fig. 3A). To deter-
mine whether the leucine residues in the MTD are critical for MTD
function or not, 4Lmt Noxa mutant was generated to contain four
substitutional mutations (L42A, L43A, L45A, and L49A) at the fourleucine residues in MTD. In addition, a 5Lmt Noxa mutant was gen-
erated that contained the same mutations in the MTD as 4Lmt and
an additional mutation (leucine at 29) in the BH3 domain (L29A,
L42A, L43A, L45A, and L49A), since the leucine residue in the Noxa
BH3 domain was shown to be critical for its killing activity [9].
4Lmt and 5Lmt showed almost complete loss of mitochondrial
localization and fragmentation (Fig. 3B). To further dissect the crit-
ical residues in the MTD, we constructed single point mutants in
the L42A, L43A, L45A, and L49A. These mutants of Noxa all main-
tained mitochondrial localization. Interestingly, Noxa L45A and
L49A mutants remarkably reduced mitochondrial fragmentation,
whereas the L42A and L43A mutants did not diminish mitochon-
drial fragmentation (Fig. 3C and D). Noxa-induced cell death also
signiﬁcantly inhibited by L45A, L49A mutants (Fig. 3E). These re-
sults suggest that the leucine residues at 45 and 49 in the MTD play
a critical role in the mitochondrial fragmentation of Noxa.
3.4. Mitochondrial fragmentation induced by Velcade in Noxa-
deﬁcient and Bax-deﬁcient cells
Because ectopic overexpression system of Noxa has been
adapted to show the activity of Noxa to induce the mitochondrial
fragmentation, endogenous Noxa induction system was used to
conﬁrm the mitochondrial fragmentation-inducing activity of
Noxa. As shown in Fig. 1, Velcade is a potent inducer of endogenous
Noxa: thus, we choose Velcade to induce the endogenous Noxa.
Also, Noxa-deﬁcient immortalized baby mouse kidney (BMK) epi-
thelial cells were used to verify the dependency of Noxa in Vel-
cade-induced mitochondrial fragmentation. Velcade was able to
induce the signiﬁcant amounts of mitochondrial fragmentation in
BMK wild-type cells, whereas it caused the greatly reduced mito-
Fig. 3. The critical amino acid residues in the MTD of Noxa on mitochondria fragmentation. (A) Amino acid sequences of Noxa. Bold characters indicated that leucine residues
which were mutated in experiments. (B) To examine the effects of mutating leucines to alanines in the MTD, HeLa cells were transfected with either WT Noxa, 4Lmt (L42A,
L43A, L45A, L49A), or 5Lmt (L29A, L42A, L43A, L45A, L49A) constructs in combination with pDsRed2-Mito vector to observe the morphological changes of mitochondria. At 18
h after transfection, cell death was determined by morphological changes under the ﬂuorescent microscope. (C) Confocal microscopic images of mitochondrial morphology
induced by mutant Noxa. HeLa cells were co-transfected with plasmid constructs of Noxa point mutants and pDsRed2-Mito vector, and mitochondrial morphology was
observed under the laser confocal microscope. WT Noxa, L42A, and L43A mutants induced mitochondrial fragmentation, whereas L45A, L49A mutants of Noxa lost their
mitochondrial fragmentation activity. (D) Quantitative evaluation of fragmented mitochondrial morphology. HeLa cells were co-transfected with pDsRed2-Mito vector and
plasmid constructs expressing WT Noxa or mutant Noxa containing point mutation at the indicated amino acid residues. Cells with fragmented and punctiform mitochondria
were calculated as the percentage of total cells expressing DsRed2-Mito. More than 300 cells were analyzed for each experiment. (E) HeLa cells were transfected with EGFP-
fused WT or mutants Noxa. 18 h after transfection, cell death was determined by counting EGFP-positive dead cells with morphological changes under the ﬂuorescent
microscope.
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However, the loss of Noxa could not completely block the mito-
chondrial fragmentation induced by Velcade (data not shown).
These results indicate that Velcade-induced endogenous Noxa
can cause the mitochondrial fragmentation in BMK cells.
Bax, another Bcl-2 family protein, has been known to induce the
mitochondrial fragmentation [25]; thus, we have examined the
possibility that Noxa may cooperate with Bax to induce the mito-chondrial fragmentation in response to Velcade. Interestingly, frag-
mented mitochondria induced by Velcade in HCT116 Bax-deﬁcient
cells was greatly reduced compared to that in HCT116 parental
cells (Fig. 4B), implicating that endogenously induced Noxa by Vel-
cade may cause the mitochondrial fragmentation more actively in
the presence of Bax. However, the mitochondria in HCT116 Bax-
deﬁcient cells treated with Velcade over 36 h were fragmented
(data not shown), meaning that the lack of Bax cannot completely
Fig. 4. Mitochondrial fragmentation induced by Velcade in BMK Noxa/ cells and
HCT116 Bax/ cells. (A) BMK WT or Noxa/ cells were plated into cell culture
dish 1 day before treatment, and were transfected with DsRed2-Mito plasmid.
Fourteen hours after transfection, cells were treated with 1 lM of Velcade for the
indicated times. Cells with fragmented mitochondria were examined by counting
expressing DsRed2-Mito under the ﬂuorescence microscope. (B) HCT116 parental
cells or Bax/ cells were plated into cell culture dish 1 day before treatment.
After treatment of Velcade (1 lM), mitochondria were stained by 25 lM of
Mitotracker deep red 633 at the indicated times (6 h, 12 h, and 18 h). Mitochon-
drial fragmentation was observed under the laser scanning confocal microscope
(Leica Microsystems TCS SP5). Cells with fragmented mitochondria were calcu-
lated as the percentage of total cells counted. (C) HCT116 parental cells or Bax/
cells were transfected with EGFP vector or EGFP-Noxa expression plasmid for 18 h
in combination with DsRed2-Mito plasmids. Mitochondrial fragmentation was
examined by counting cells expressing both EGFP and DsRed2.
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conﬁrm the enhancing activity of Bax in Noxa-induced mitochon-
drial fragmentation, mitochondrial fragmentation was monitored
when Noxa was ectopically overexpressed in both HCT116 paren-
tal cells and HCT116 Bax-deﬁcient cells. As shown in Fig. 4C, mito-chondrial fragmentation induced by ectopic expression of Noxa in
HCT116 Bax-deﬁcient cells was substantially decreased the mito-
chondrial fragmentation. These results indicate that the activity
of Noxa to induce the mitochondrial fragmentation can be en-
hanced by the presence of Bax.4. Discussion
Noxa belongs to the ‘‘BH3-only” protein of the Bcl-2 protein
family [9]. The human Noxa gene is located on chromosome
18q21 and encodes a 54-amino acid protein with a single BH3 do-
main, whereas mouse Noxa has two BH3 domains [9]. Both human
and mouse proteins possess the conserved MTD. Although somatic
mutations of the Noxa gene have not yet been reported in cancers
[18], current reports supported the functional importance of Noxa
on cell death signaling in tumor cells [14–16].
Previous reports showed that the expression of Noxa preceded
Bax translocation and cytochrome c release during cell death
[16], and Noxa inhibits Mcl-1 which is an anti-apoptotic member
of Bcl-2 family by speciﬁc interaction with Mcl-1 through BH3 do-
main [12]. In addition, Noxa is prominently induced by DNA dam-
age such as irradiation, doxorubicin, and etoposide in a p53-
dependent manner [9,16]; interestingly, recent reports showed
that proteasome inhibitors and some transcription factors such
as HIF1a, NF-jB induce Noxa in a p53-independent manner
[10,11,15,19]. These ﬁndings were also conﬁrmed in our results
(Fig. 1). However, little is known about the mechanism by which
Noxa induces cell death and Noxa inﬂuences on mitochondrial
dynamics. Here we have demonstrated that Noxa induces morpho-
logical changes of mitochondria from the elongated tubular inter-
connected structures to the disintegrated punctate structures, and
the domain in Noxa responsible for the mitochondria morphologi-
cal changes is MTD not the BH3 domain.
Conserved Leucine residue in BH3 domain is critical to interac-
tion between Bcl-2 family proteins and functional interferences
[20,21]. MTD contains four leucine residues in only 10 amino acids.
We showed that only L45 and L49 are critical for Noxa-induced
mitochondrial fragmentation. Point mutation on these leucine res-
idues to alanines did not affect its mitochondrial localization (Fig
3C). Because there is a possibility that these two mutations on leu-
cine residues in MTD of Noxa may affect the mitochondria mor-
phology by disrupting the interaction between Noxa and Mcl-1,
we tested whether these point mutants in MTD of Noxa can still
interact with Mcl-1 or not. Binding activities of these point mu-
tants in MTD of Noxa to Mcl-1 were checked by immunoprecipita-
tion and found that these point mutants in MTD of Noxa maintain
the binding abilities to Mcl-1 (data not shown), indicating that
abrogation of mitochondrial fragmentation by L45A or L49A mu-
tants of Noxa is not due to the disruption of interaction between
Noxa and Mcl-1.
How does the MTD cause the mitochondrial fragmentation dur-
ing cell death? One possible answer would be the direct binding of
Noxa to the mitochondrial fusion/ﬁssion machinery or regulatory
proteins. Several proteins mediating the mitochondrial ﬁssion
and fusion have been identiﬁed [22]. Dynamin-related large GTP-
ases regulate mitochondrial ﬁssion and fusion. Translocation of
Drp1 from cytosol into mitochondria promotes mitochondrial ﬁs-
sion through binding to hFis1 on mitochondrial outer membrane
[23,24]. To test the effects of these proteins on Noxa-induced cell
death, knock-down experiments of hFis1 or Drp1 were performed
using small hairpin interfering RNA (shRNA)-expressing con-
structs. The hFis1 shRNA, Drp1 shRNA, or dominant-negative form
Drp1 K38A signiﬁcantly inhibited cell death (Fig. S1B) while mito-
chondrial fragmentation induced by Noxa was inhibited by Drp1
(K38A) (Fig. S1C); however, hFis1 overexpression slightly
2354 H.-N. Woo et al. / FEBS Letters 583 (2009) 2349–2354enhanced Noxa-induced cell death (Fig. S1B). This result suggests
that the mitochondrial ﬁssion mediator proteins participate in cell
death induced by Noxa. However, this participation of Drp-1 and
hFis-1 in cell death induced by Noxa may not be accounted by di-
rect interaction of Drp-1 and hFis-1 to Noxa, because Noxa did not
bind to hFis1 and Drp1 (Fig. S2). The detailed scenario as to how
Noxa activates mitochondrial fragmentation remains elusive at
this point and requires further studies.
In conjunction with the role of endogenous Noxa induced by
Velcade or 5-FU in mitochondrial fragmentation, we examined
mitochondrial fragmentation induced by Velcade in BMK (baby
mouse kidney) cells or in BMK Noxa-deﬁcient cells. Whereas Vel-
cade induced mitochondrial fragmentation in BMK WT cells, mito-
chondrial fragmentation was greatly reduced but not completely
abrogated in BMK Noxa-deﬁcient cells in response to Velcade
(Fig. 4A), suggesting that endogenous Noxa induced by Velcade
can promote the mitochondrial fragmentation during cell death.
Also, the mitochondrial fragmentation induced by Noxa appears
to be enhanced by Bax (Fig. 4C). Because Noxa has shown to bind
to only Mcl-1 and A1 among Bcl-2 family proteins [12], we specu-
late that the enhancing activity of Bax on Noxa-induced mitochon-
drial fragmentation may not be due to the direct interaction of
Noxa to Bax. In future, it would be interesting to investigate the
mechanism by which Noxa cooperates with Bax or other death-
promoting proteins to induce mitochondrial fragmentation during
cell death.
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